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ABSTRACT
We present the first results of a pilot study aimed at understanding the influence of bars on
the evolution of galaxy discs through the study of their stellar content. We examine here
the kinematics, star formation history, mass-weighted, luminosity-weighted and single stellar
population (SSP) equivalent ages and metallicities for four galaxies ranging from lenticulars
to late-type spirals. The data employed extend to 2–3 disc scalelengths, with S/N(Å) > 50,
where S/N stands for the signal-to-noise ratio. Several techniques are explored to derive star
formation histories and SSP-equivalent parameters, each of which is shown to be compatible.
We demonstrate that the age–metallicity degeneracy is highly reduced by using spectral fitting
techniques – instead of indices – to derive these parameters. Our results are robust to the choices
of stellar population models. We found that the majority of the stellar mass in our sample is
composed of old (∼10 Gyr) stars. This is true in the bulge and disc regions, even beyond
2 disc scalelengths. In the bulge region, we find that the young, dynamically cold, structures
produced by the presence of the bar (e.g. nuclear discs or rings) are responsible for shaping
the bulges’ age and metallicity gradients, as suggested by Peletier et al. In the disc region,
a larger fraction of young stars are present in the external parts of the disc compared with
the inner parts. The disc growth is therefore compatible with a moderate inside-out formation
scenario, where the luminosity-weighted age changes from ∼10 Gyr in the centre to ∼4 Gyr
at 2 disc scalelengths, depending upon the galaxy. However, the presence of substructures,
like star-forming rings, can produce stellar population trends that are not directly related to the
growing of the disc but to the bar potential. For two galaxies, we compare the metallicity and
age gradients of the disc major-axis with that of the bar, finding very important differences. In
particular, the stellar population of the bar is more similar to that of the bulge than to that of
the disc, indicating that, at least in those two galaxies, bars formed long ago and have survived
to the present day.
Key words: galaxies: abundances – galaxies: bulges – galaxies: evolution – galaxies: kine-
matics and dynamics – galaxies: spiral – galaxies: stellar content.
1 IN T RO D U C T I O N
During disc assembly, secular evolution must have played a role
in shaping the structure of disc galaxies as we see them at z =
0. Non-axisymmetric instabilities, particularly bars, drive a sub-
stantial redistribution of mass and angular momentum in the disc
E-mail: psanchezb@iac.es
(Sellwood 1981; Pfenniger & Friedli 1991; Sellwood & Wilkinson
1993; Athanassoula 2003; Debattista et al. 2006). Since bars appear
to affect strongly the overall dynamics and evolution of galaxies,
it is reasonable to presume that they also play a significant role
in shaping the galactic chemical evolution, since mixing by global
gas flows will clearly change abundance profiles in the disc (see
Friedli 1998; Rosˇkar et al. 2008a; Sa´nchez-Bla´zquez et al. 2009a);
for example, numerical simulations (Friedli, Benz & Kennicutt
1994) predict that the stellar abundance gradient in disc galaxies is
C© 2011 The Authors
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flattened by the macroscopic mixing induced by the bar. The slope
of the abundance gradients in both the stellar and the gaseous com-
ponents is reduced in a few dynamical time-scales by more than
50 per cent.
Several of the relationships observed in our own Galaxy, used to
constrain chemical evolution models, such as the age–metallicity re-
lation (AMR, Twarog 1980a,b; Edvardsson et al. 1993; Carraro, Ng
& Portinari 1998; Rocha-Pinto et al. 2000; Feltzing & Gonzalez
2001; Feltzing, Holmberg & Hurley 2001), the metallicity dis-
tribution of G- and K-dwarf stars (e.g. Wyse & Gilmore 1995;
Rocha-Pinto & Maciel 1996; Favata, Micela & Sciortino 1997;
Flynn & Morell 1997; Haywood 2001) or the temporal evolu-
tion of metallicity gradients (Friel et al. 2002; Maciel, Costa &
Uchida 2003; Stanghellini et al. 2006; Magrini et al. 2009), could
be strongly influenced by the presence of radial migrations.
The mechanisms proposed for being primary drivers of radial
migration are numerous (Spitzer & Schwarzschild 1953; Barbanis
& Woltjer 1967; Binney & Lacey 1988; Friedli 1998; Fuchs 2001;
Sellwood & Binney 2002; Rosˇkar et al. 2008b; Minchev & Famaey
2010; Sa´nchez-Bla´zquez et al. 2009). However, in this work, we are
interested in constraining the influence of a bar upon this migration.
This is important, not only because the Milky Way has a bar, but also
because recent simulations suggest that the interaction between the
bar and the spiral structure can result in significantly faster angular
momentum changes, making mixing mechanisms due to spiral arms
much more efficient in barred than in non-barred galaxies (Minchev
& Falmaey 2009).
Several studies have found that barred galaxies have a shallower
gas-phase metallicity gradient than non-barred ones (e.g. Pagel &
Edmunds 1981; Vila-Costas & Edmunds 1992; Edmunds & Roy
1993; Martin & Roy 1994; Zaritsky, Kennicutt & Huchra 1994).
However, an equivalent study for the stellar abundances remains
to be done. Studies of the gas-phase abundances provide with a
present-day snapshot of the interstellar medium abundances. On
the other hand, the study of the stellar ages and metallicities gives
us ‘archaeological’ clues as to the chemical and dynamical evolution
of the galactic structures. It is very important to study both because
gas and stars suffer from very different evolutionary processes; the
gas is mainly dominated by the gravitational torque of the non-
axisymmetric mass component, while the evolution of the stellar
component is mainly affected by different orbital mixing.
In general, stellar population studies in the disc region of spi-
ral galaxies are sparse, with the exception of our own Galaxy (see
Freeman & Bland-Hawthorn 2002 for a review; Friel et al. 2002;
Yong et al. 2006; Carraro et al. 2007) and for some nearby galaxies,
such as M33 (Monteverde et al. 1997; Barker & Sarajedini 2008;
Cioni et al. 2009; Williams et al. 2009b), M100 (Beauchamp &
Hardy 1997), M81 (Hughes et al. 1994; Tikhonov, Galazutdinova
& Drozdovsky 2005; Davidge 2006; Williams et al. 2009a), NGC
2403 (Davidge 2007), NGC 300 (Urbaneja et al. 2005; Kudritzki
et al 2008; Vlajicˇ, Bland-Hawthorn & Freeman 2009; Gogarten
et al. 2010) or M31 (Worthey et al. 2005). For external galaxies
outside the Local Group, stellar population gradients have been
mainly investigated using (mostly optical) colours [e.g. de Jong
1996; Peletier & Balcells 1996; Bell & de Jong 2000; Jansen
et al. 2000; MacArthur et al. 2004; Taylor et al. 2005; Mun˜oz-
Mateos et al. 2007, 2009 [using GALEX ultraviolet (UV) colours];
Prochaska Chamberlain et al. 2011]. These studies found that disc
galaxies tend to be bluer in the external parts. This trend has been
interpreted as the consequence of stellar population gradients, in the
sense that galaxies are older and more metal rich in their centres than
in the external parts. However, there are large discrepancies in the
magnitude of the stellar population gradients derived by different
authors. This is because it is extremely difficult to disentangle the ef-
fects of age, metallicity and dust extinction (on average, ∼1 mag in
the central regions, see Ganda et al. 2009) using only colours. Spec-
troscopic studies may help to alleviate the associated degeneracies,
but the low surface brightness of the disc region and the nebular
emission lines filling some of the most important age-diagnostic
absorption lines make these studies very difficult. Some pioneering
works tried to overcome the difficulty of measuring low surface
brightness absorption lines in the disc using narrow-band imaging
or by performing Fabry–Pe´rot interferometry with Tunable Filters
(Beauchamp & Hardy 1997; Molla´, Hardy & Beauchamp 1999;
Ryder, Fenner & Gibson 2005). Unfortunately, the low spectral res-
olution and poor signal-to-noise ratio (S/N) of the data compromised
the results in each case. Furthermore, these works were restricted
to the study of just a few indices (Mgb, Fe5270, Fe5335) which
limited their ability to break the age–metallicity degeneracy. More
recently, Yoachim & Dalcanton (2008) and MacArthur, Gonza´lez
& Courteau (2009) have measured line-strength indices and star
formation histories, respectively, as a function of the radius using
long-slit spectroscopy. While the former found very strong radial
age gradients and flat metallicity gradients for the only galaxy for
which they could derive stellar population gradients (FGC 1440 and
Scd galaxy), the latter reported very mild gradients in both the age
and the metallicity.
These differences may be the consequence of the very reduced
samples (9 and 1 galaxies), although they can also be due to the dif-
ferent techniques used to derive stellar parameters in both studies –
while the former obtained single stellar population (SSP) equiva-
lent parameters, the latter derived luminosity- and mass-weighted
values. The difference could also be due to the uncertainties of the
emission-line corrections that affect more strongly the ages derived
with single indices than those obtained with full spectral fitting.
It is one of the motivation of this work to explore some of these
issues. Despite heroic efforts, we really only have information per-
taining to the inner disc for most galaxies (∼1–2 scalelengths, in
the MacArthur et al. 2009 data), and only for 9 galaxies.
This is part of a long-term project aimed at studying the star for-
mation history of the different components of a sample of face-on
disc galaxies with deep long-slit observations taken at the GEMINI
telescope. One of our main goals is to understand the influence of
bars on the evolution of these systems, for which, in a forthcom-
ing paper, we will compare with analogous non-barred galaxies.
This study is complemented by that of the stellar populations in
galaxy bars and their bulges (Pe´rez, Sa´nchez-Bla´zquez & Zurita
2007; Pe´rez, Sa´nchez-Bla´zquez & Zurita 2009; Pe´rez & Sa´nchez-
Bla´zquez 2011). In this paper, we present a pilot study using data
from four galaxies. The aim of this work is to present the differ-
ent analysis techniques, their limitations and robustness, and the
dependence of the results on the choice of different parameters.
2 O B S E RVAT I O N S A N D DATA R E D U C T I O N
The galaxies were selected from the Third Reference Catalogue (de
Vaucouleurs et al. 1991) to cover a range in morphological types
from S0 to Sc. They were imposed to be nearby (cz < 3000 km s−1)
and barred. For the earlier types, we selected the sample to overlap
with that of Pe´rez, Sa´nchez-Bla´zquez & Zurita (2007) as, for these
galaxies, spectra along the bar have already been obtained at the
Siding Spring Observatory and the Isaac Newton Telescope (Pe´rez,
Sa´nchez-Bla´zquez & Zurita 2007, 2009). This will allow us to
C© 2011 The Authors, MNRAS 415, 709–731
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compare the gradients along the bar with those along the disc (see
Section 5.4).
All observations were taken with the Gemini South Multi-Object
Spectrograph (GMOS) (Hook et al. 2004) as part of Gemini Pro-
grams GS-2008B-73 and GS-2008B-85. Long-slit spectroscopy
along the major-axes of the galaxies was obtained with a slit width
of 0.75 arcsec with the B600-G5303 grating. Fig. 1 shows the po-
sition of the slit in each of the observed galaxies. We performed a
4 × 2 binning giving a spectral resolution of the full width at half-
maximum = 3.5 Å (measured on the sky lines of the images) and
a spatial scale of 0.146 arcsec pixel−1. Our spectra cover the wave-
length range 4050–6750 Å, with gaps between ∼4920–5025 and
5865–5930 Å.
The major obstacle to measuring reliable stellar populations at
large radii is the sky subtraction, as the light of the galaxy is only a
few per cent that of the background. Nod-and-Shuffle spectroscopy
allows very accurate sky subtraction and is available on the GMOS.
However, the length of the slit in this mode is only 1.83 arcmin
and our objects span between 2 and 5 arcmin on the sky. In order to
obtain a good sky subtraction after every target exposure of 1800 s, a
sky exposure of 400 s was taken slightly offset (∼200 arcsec) from
the target. Total exposure times for each galaxy were 1800 × 6
(3 h), while a 400-s exposure on the sky was taken before and after
each target exposure. These long exposures on the sky minimize the
amount of the noise introduced in this step.
Standard data reduction procedures (flat-fielding, cosmic-ray re-
moval, wavelength calibration, sky subtraction and fluxing) were
performed with REDUCEME (Cardiel 1999).1 This reduction pack-
age allows a parallel treatment of data and error frames from the
initial steps of the reduction process and therefore generates an as-
sociated error spectrum of each individual data spectrum which
is quite realistic and takes into account the propagation of the
errors in each reduction step. The initial reduction of the CCD
frames involved bias and dark current subtraction, the removal of
pixel-to-pixel sensitivity variations (using flat-field exposures of a
tungsten calibration lamp) and the correction for two-dimensional
low-frequency-scale sensitivity variations (using twilight sky expo-
sures). Prior to the wavelength calibration, arc frames were used to
correct for C-distortion in the images. Spectra were converted to a
linear wavelength scale using typically 80 arc lines fitted by third-
order polynomials, with rms errors of ∼0.05 Å. The images were not
distorted in the spatial direction and therefore S-correction was not
applied. Before performing any distortion correction or wavelength
calibration, the sky images were multiplied by a factor correspond-
ing to the exposure time of the science frames and were subtracted.
From each fully reduced galaxy frame, a final frame was created
by extracting spectra along the slit, binning in the spatial direction to
guarantee a minimum S/N per Å of 50 in a 50-Å-wide region centred
on 5100 Å. The spectroscopic data extend to ∼2 scalelengths for
most of the galaxies, except for NGC 1358, where ∼3 scalelengths
are reached. Only for two of the four galaxies (NGC 1358 and 1365)
do our data extend beyond corotation.
2.1 Notes on the sample
(i) NGC 1358. This galaxy is a Seyfert, S0/a galaxy with a bar.
For this galaxy, long-slit spectroscopy along the bar was presented in
Pe´rez, Sa´nchez-Bla´zquez & Zurita (2009). The galaxy has an inner
1 www.ucm.es/info/Astrof/software/reduceme/reduceme.html
gaseous spiral structure (with size < 1 kpc; Dumas et al. 2007). The
outer bar has a corotation radius of 5.1 kpc.
(ii) NGC 1365. This galaxy is a barred SB(s)b galaxy. It has a
nuclear ring with radius ∼7 arcsec. Several studies have reported
supersolar metallicities in the gaseous components, measured in its
H II regions (Roy & Walsh 1997).
(iii) NGC 1433. A prototypical ringed barred galaxy (Treuthardt
et al. 2008), with a morphological type (R′)SB(r)ab. It has a cir-
cumnuclear ring with a diameter about 0.1 times the size of the
bar (at r ∼ 19 arcsec, Crocker, Baugus & Buta 1996; Hameed &
Devereuz 1999; Buta et al. 2001; Comero´n et al. 2009) and an outer
pseudo-ring about twice the diameter of the bar. Spectra along the
bar were presented by Pe´rez et al. (2009).
(iv) NGC 1672. An SB(s)b, barred spiral galaxy with a circum-
nuclear ring of star formation at r ∼ 0.350 kpc (Se´rsic & Pastoriza
1965; Comeron et al. 2007) surrounding a nucleus with low-level
activity (Veron-Cetty & Veron 1986), also containing a star-forming
region. The bar size is 5.1 kpc (Buta 1987) and the inner Lindblad
resonance is calculated to be 0.49 kpc from the galaxy centre, coin-
cident with the edge of the circumnuclear ring.
3 K I NEMATI CS, DY NA MI CS AND
EMI SSI ON-LI NE R EMOVAL
One of the most important drawbacks to studying the stellar pop-
ulation of disc galaxies has been that the stellar absorption line
spectra are highly contaminated by nebular emission lines. How-
ever, this situation has changed with the development of new spe-
cialist software that allows the simultaneous fitting of absorption
and emission lines. We used GANDALF (Sarzi et al. 2006) to perform
this task. GANDALF fits simultaneously the absorption and emission
lines, treating the latter as additional Gaussians. In the first step,
emission lines are masked and the absorption-line spectrum is fit-
ted with the Penalized Pixel-Fitting method (PPXF) (Cappellari &
Emsellem 2004), using as templates the new stellar population mod-
els of Vazdekis et al. (2010) (hereinafter V10) based on the MILES
library (Sa´nchez-Bla´zquez et al. 2006a; Cenarro et al. 2007).2 In
this step, radial velocities and velocity dispersions (hereinafter σ )
for the stellar component are derived. The best values of the veloc-
ity and σ , and the best template mix are then used as initial values
for the derivation of emission lines using GANDALF. Emission-line
equivalent widths, radial velocities and σ for the gaseous compo-
nent are derived in the second step. The fit allows for a low-order
Legendre polynomial in order to account for small differences in
the continuum shape between the pixel spectra and the templates.
The best-fitting template mix is determined by a χ 2 minimization
in pixel space. Emission-line spectra at each radius were subtracted
from the observed spectra for the subsequent analysis. Fig. 2 shows
the central spectrum of NGC 1365 before and after subtracting the
emission spectra. Fig. 3 shows the line-of-sight velocity and the σ
of the stellar and gaseous components as a function of the radius
for our sample of galaxies. We fit the position and σ of each atomic
species independently. Sarzi et al. (2006) caution GANDALF users
about this procedure when emission lines cannot be measured con-
fidently, as the contamination due to template mismatch can still be
important and result in spurious detections. This problem affects the
Hβ line, which we cannot measure in all spectra because it does fall
in the gap of the detector. Furthermore, spurious detections would
result in velocities that differ from those measured with other lines
2 The models are available at miles.iac.es.
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Figure 1. Observational setup for our sample of galaxies. The images all cover an area of 450 × 450 arcsec2. The yellow arrows indicate the extent of the
stellar population gradients presented here.
Figure 2. Central spectrum of NGC 1365 before (black line) and after
(green line) subtracting the emission spectra using GANDALF.
and, in our case, the velocities measured with all the emission lines
are very consistent (see Section 3.3), giving support to our approach
of fitting all the lines independently.
The errors in the radial velocity and velocity dispersion were
computed through numerical simulations. In each simulation, a
bootstrapped galaxy spectrum, obtained using the error spectrum
(see Section 2), was fed into the algorithm (a different optimal tem-
plate is computed in each simulation). Errors in the final parameters
were computed as the unbiased standard deviation of the different
solutions. The final errors are expected to be quite realistic, as they
incorporate all the uncertainties of the entire reduction process,
from the first steps (e.g. flat-fielding) to the final measurements
of the parameters. We did not attempt to correct the velocities for
inclination, as this correction is very uncertain and very large for
nearly-face-on galaxies.
3.1 Reliability of the derived σ
Given the resolution of our data σ inst ∼ 90 km s−1, it is worth
testing if the derived velocity dispersions (in some cases around
∼50 km s−1) are reliable. For this reason, we perform a series of
simulations using synthetic spectra corresponding to different star
formation histories, trying to mimic as far as possible the real data. In
particular, we took the parametrized star formation histories given as
examples in the MILES webpage (http://www.iac.es) that include
exponential and constant star formation histories and also allows
the addition of different bursts with the metallicities ranging from
[Z/H] = −2.32 to 0.22. We first broadened the synthetic spectra to
the nominal instrumental resolution of our data by convolving with
a Gaussian broadening function and then we broadened again those
spectra with velocity dispersions from 50 to 120 km s−1 in steps
of 10 km s−1. Afterwards, we added noise to simulate the S/N of
C© 2011 The Authors, MNRAS 415, 709–731
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Figure 3. Line-of-sight velocity as a function of the radius and velocity dispersion for the stellar component (black points) and the gaseous component
(coloured points). The kinematics for the gas component have been measured using different emission lines as indicated in the insets.
Figure 4. Comparison of the input versus calculated velocity dispersions in
a series of simulations performed in synthetic spectra with different values
of metallicities and corresponding to different star formation histories (see
text for details). The solid lines indicate the 1:1 relation.
the observed spectra [S/N(Å) ∼ 50 which is the minimum we used
to bin our data]. The velocity dispersion was then measured using
PPXF, using the same parameters as we used for the real data. The
results are plotted in Fig. 4. As can be seen, we do not detect any
significant systematic effect between the input and output velocity
dispersions. A similar result was found by Toloba et al. (2011) using
a different code. In particular, these authors found that for S/N(Å)
> 50, the relative error in the derived σ was always lower than 10
per cent for σ down to half the instrumental resolution.
3.2 Stellar radial velocities and velocity dispersion
All our galaxies show clear rotation, while the σ profiles behave
quite differently. The σ variations with the radius are very small
for NGC 1672 and 1365, as found in previous studies (Ganda et al.
2006; Pe´rez et al. 2009) for late-type spirals. For the early-type spi-
rals, NGC 1358 (S0) and NGC 1433 (Sab), the velocity dispersion
profiles decline with increasing radius, as has been found in many
elliptical galaxies (e.g. D’Onofrio et al. 1995; Sa´nchez-Bla´zquez
et al. 2006a). The galaxy NGC 1433 has a very strong local min-
imum in the velocity dispersion at the position of the ring (Buta
1987), indicating the colder nature of this structure, but then the
trend of σ is to decrease towards the external regions, as in NGC
1358.
In Pe´rez et al. (2009), we found that all early-type spirals with
bars show disc-like structures in their centres, inferred from their
kinematics. These structures are characterized by a central velocity
dispersion minimum (σ -drops), central σ plateaus and/or a clear
rotating inner disc or ring, as derived by the line-of-sight position–
velocity diagram. For the present sample, a σ -drop is present in the
early-type spiral NGC 1365.
3.3 Gas velocities and velocity dispersion
The kinematics of the gaseous component have been derived using
different emission lines. In principle, the Hα emission could be
dominated by gas with different kinematics from that contributing
to the [N II] emission. However, we do not find any significant
difference, neither in the line-of-sight velocity nor in the velocity
C© 2011 The Authors, MNRAS 415, 709–731
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Figure 5. Comparison of the radial velocity and velocity dispersion of the
emission lines Hα and [N II] measured with GANDALF.
dispersion measured for different emission lines, whether it is Hα
or [N II] (see Fig. 5). Gas always rotates faster and shows structures
like wiggles (see also Ganda et al. 2006). Deviations from circular
motions (most likely caused by the bar) are clearly evident in all
the curves, while the radial velocities of the stellar components are
much smoother.
4 STA R FORMATION H ISTO RIES
Disc galaxies are obviously composite systems in which several
generations of stars contribute to the integrated light spectrum.
While for spheroidal systems, SSPs are, in many cases, not a
bad approximation of the star formation history, for disc galax-
ies, this is certainly not true. In the last few years, new mod-
els of stellar populations have been developed which predict not
only the strength of individual characteristics, but also the entire
spectral energy distribution for a population of a given age and
metallicity [e.g. Vazdekis 1999; Bruzual & Charlot 2003, here-
inafter BC03; Le Borgne et al. 2004 (PEGASE-HR); Coelho et al.
2007; V10]. This has led to the parallel development of numer-
ical techniques to derive the star formation history of galaxies
using as much information as possible from the spectra (Heav-
ens, Jimenez & Lahan 2000; Panter, Heavens & Jimenez 2003;
Cid-Fernandes et al. 2005; Ocvirk et al. 2006a,b; Tojeiro et al.
2007; Koleva et al. 2009).
We use here STECKMAP (STEllar Content and Kinematics via Max-
imum a Posteriori, Ocvirk et al. 2006a,b) along with two sequences
of stellar population models taken from BC03 and V10, spanning
an age range 108–1.7 × 1010 yr divided in 30 logarithmic age
bins and a metallicity range [Z/H] = [+0.2, −1.3]. STECKMAP is
a Bayesian method that simultaneously recovers the kinematic and
stellar population properties via a maximum a posteriori algorithm.
It has been extensively tested and used in a variety of applications,
ranging from globular clusters (Sharina & Davoust 2009; Ocvirk
2010) to stripped galaxies (Pappalardo et al. 2010). It is a pub-
lic tool and can be obtained at http://astro.u-strasbg.fr/∼ocvirk/.
We also note that an online service has been recently launched,
allowing users to submit their spectra, run the code on the re-
mote server, and collect the results. The latter can be accessed at
http://astar.aip.de:20202/steckmap. The method is not parametric
and does not make any a priori assumption regarding the star for-
mation history. The only condition that STECKMAP imposes is that
the different unknowns, namely the stellar age distribution (here-
inafter LIGHT), the AMR, the line-of-sight velocity distribution
or the broadening function (hereinafter BF), have to be smooth in
order to avoid extreme oscillating solutions that are not robust and
most likely unphysical. The objective function, that is, the function
to minimize, is defined as
Qμ = χ 2(s(x,Z, g)) + Pμ(x,Z, g), (1)
which is a penalized χ 2, where s is the model spectrum resulting
from the LIGHT x, the AMR Z and the BF g. The penalization Pμ
can be written as Pμ(x, Z, g) = μxP (x)+μZP (Z)+μvP (g), where
the function P gives high values for solutions with strong oscillations
(i.e. LIGHT and AMR changing rapidly with time or noisy BF) and
small values for smoothly varying solutions. As explained in Ocvirk
et al. (2006a), adding the penalization P to the objective function is
exactly equivalent to injecting a priori information into the problem.
In practice, this is like imposing an a priori probability density to
the solution as fprior(x) = exp(−μxP (x)) (see Ocvirk et al. 2006a
for more details).
For this work, we define P as a quadratic function of the unknown
x, involving a kernel L, as in equation (29) of Ocvirk et al. (2006a):
P (x) = xT · LT · L · x. (2)
We use a Laplacian smooting kernel for the LIGHT and BF (i.e.
L = D2), and a gradient kernel for the AMR (i.e. L = D1), as in
Ocvirk (2010), using the definitions of Ocvirk et al. (2006a).
Choosing the right values of the smoothing parameters μx,Z,v is
not a trivial problem. In principle, one could choose the values giv-
ing the smaller χ 2 in the fit, but this usually yields a wide range of
smoothing parameters, spanning typically three to four decades, in
which the fit is acceptable. Although this affects the detailed shape
of the LIGHT, AMR and BF, it does not impact the overall interpre-
tation of the fit, and we checked via Monte Carlo simulations that
the global shape of the solutions, in particular the integrated quanti-
ties, such as luminosity- and mass-weighted ages and metallicities,
is stable for this range of smoothing parameters. The final chosen
values were μz = 102 and μx = 1.
For this work, we have not fitted simultaneously the star forma-
tion histories and the kinematics, and we use the values obtained
with PPXF. The reasons are explained in detail in Appendix B.
Basically, the existing degeneracy between the metallicity and the
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velocity dispersion (Koleva et al. 2007) biases the mean-weighted
metallicites if both parameters are fitted at the same time. We found
that this degeneracy affects mostly the mass-weighted values of the
metallicity (see Appendix B), in the sense that the derived mass-
weighted metallicity values are higher if the kinematics are not
fixed.
Error bars were calculated by means of Monte Carlo simulations
where each pixel is perturbed randomly according to the error spec-
trum and assuming a Gaussian distribution. However, the errors
calculated in this manner are very small, due to the high S/N of our
data. For these high-S/N data, the errors in the theoretical models
have usually a stronger impact on the solution (Ocvirk et al. 2006a).
Several studies have now compared the results in the star forma-
tion histories recovered using different models (Koleva et al. 2008;
Coelho, Mendes de Oliveira & Cid Fernandes 2009; Cid-Fernandes
& Gonzalez-Delgado 2010). In particular, Koleva et al. (2008) found
that the success in the recovery of the age and metallicity of a single
synthetic population depends critically on the atmospheric param-
eter coverage of the stellar library used in the SSP models. They
found that results using the MILES and PEGASE-HR are very consis-
tent for ages larger than 1 Gyr and [Z/H] > −1, while the results
using BC03 differ at metallicities far from solar.
For this reason, we make use of several different stellar pop-
ulation models and check the consistency of our results to this
choice. We employ both the new stellar population models by V10
that include the new and improved stellar library MILES (BC03;
Sa´nchez-Bla´zquez et al. 2006c; Cenarro et al. 2007).
In order to deal with possible flux calibration errors, we mul-
tiply the model by a smooth non-parametric transmission curve,
representing the instrumental response multiplied by the interstel-
lar extinction. This curve has 30 nodes spread uniformly along the
wavelength range and the transmission curve is obtained by spline
interpolating between the nodes. The latter are treated as additional
parameters and adjusted during the minimization procedure. This
continuum matching technique is similar in essence to the multi-
plicative polynomial used by NBURSTS (Chillingarian et al. 2007)
or ULYSS (Koleva et al. 2009). It has also been successfully used
by Ocvirk (2010) and will be detailed in a forthcoming paper.
We fit the wavelength range λλ4150–6100 Å masking the regions
corresponding to the detector gaps and masking other regions where
the spectrum was affected by sky residuals. In some cases, the TiO
molecular band was also masked, as the models did not seem to fit
it properly. Fig. 6 shows the central spectrum of the four galaxies
analysed in this study, together with the best fit obtained by STECKMAP
using the V10 stellar population models. The underlying continuum
shape has been removed from both the model and the data.
One of the most important problems affecting the stellar pop-
ulation studies is the well-known age–metallicity degeneracy, that
is, the colours and spectral characteristics of a given population
can be mimicked with another population younger but more metal
rich or older but more metal poor. To see the extent to which the
results obtained with STECKMAP are affected by this degeneracy,
we used a 10-Gyr and a 1-Gyr solar metallicity SSP from V10
and added noise to obtain a spectrum with a S/N per Å of 50.
Then, we performed 50 Monte Carlo simulations in which each
pixel was perturbed with the associated noise error, following a
Gaussian distribution. For each simulation, a new value of the
age and metallicity was derived using three different techniques:
(1) spectral fitting with STECKMAP; (2) classical index–index dia-
gram fit (using the [MgbFe]–Hβ diagram); and (3) multi-index
fitting technique (following Proctor & Sansom 2002). The tech-
niques (2) and (3) have been extensively used by several authors to
Figure 6. Central spectrum of the galaxies (black line) with the best fit
obtained by STECKMAP (green line). The grey areas show the masked parts of
the spectra: two of them correspond to the gap of the detectors, while others
mask areas of the spectrum affected by sky residuals.
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Figure 7. Measured age–metallicity degeneracy using three different techniques (as indicated in the labels), on two synthetic spectra with ages 1 (bottom
panels) and 10 Gyr (upper panels) and solar metallicity, perturbed with Gaussian noise expected for a spectrum with a S/N(Å;) ∼ 50.
derive their stellar population SSP-equivalent parameters (e.g.
Trager et al. 2000; Kuntschner et al. 2006; Sa´nchez-Bla´zquez et al.
2006b, 2007; Paudel et al. 2010, among many others). The results
are displayed in Fig. 7. It can be seen that the age–metallicity de-
generacy is very much reduced using STECKMAP compared with the
other two widely used techniques.
5 R ESULTS
5.1 Stellar population gradients
Fig. 8 shows some examples of the derived flux fraction contribu-
tions of stars in the various age bins at different radii for our sample
of galaxies using both sets of models, V10 and BC03. In general,
the star formation histories that we obtain are compatible with being
exponentially declining with the time-scales τ between 2 and 7 Gyr.
Secondary bursts of star formation are seen at several radii within
the sample.
To quantify the gradients in a way that can be compared with the-
oretical predictions, Figs 9 and 10 show the mass- and luminosity-
weighted metallicities and ages as a function of the radius for our
sample of galaxies obtained with V10 stellar population models.









i LIGHT(i) log qi∑
i LIGHT(i)
, (3)
where q is the physical parameter we want to estimate, that is, age or
metallicity, and MASS(i) and LIGHT(i) are, respectively, the recon-
structed mass and flux contributions of the stars in the ith age bin,
as returned by STECKMAP. We have chosen here to weight both the
ages and metallicities in a base-10 logarithmic scale, as these values
are more similar to the SSP-equivalent parameters (see Section 6).
The mean values would have changed if, instead, linear averages
were computed. As an example, we plot in Fig. 11 the mass- and
luminosity-weighted ages and metallicities for NGC 1433, compar-
ing the values when instead of log(age) and [Z/H], Z and age are
averaged. As can be seen, there can be important differences in the
weighted values of the age and metallicity, depending on how the
mean is computed. It is important then to specify the way in which
the average is calculated.
We explore, in Appendix A, if these gradients are model-
dependent. We found that for populations younger than ∼3 Gyr,3
metallicities derived with BC03 tend to be lower and the ages higher
than those derived with V10. For the rest of the populations, the
mean age and metallicity values are not dependent on the model
used. In our sample of galaxies, significant differences are only vis-
ible in the bulge region of NGC 1433 and in the ring region of NGC
1672. In the figures, we indicate the position of the effective radius
of the bulge and the scalelength of the discs (see Table 1). We now
analyse the populations in these two regions separately.
5.2 Bulge region
The stellar population parameter profiles in the bulge regions show
a variety of behaviour. The luminosity-weighted metallicity profile
decreases in three out of the four galaxies, but increases in NGC
1365. The luminosity-weighted age profile in the bulge region also
behaves differently depending on the galaxy, with profiles that do
not always increase or decrease monotonically. The luminosity-
weighted age reflects the presence of dynamically cold structures,
where there has been (or where there is currently) recent star forma-
tion, manifesting themselves as central discs (e.g. in NGC 1433) or
rings (NGC 1365 and 1433 at r ∼ 7 and 10 arcsec, respectively, and
NGC 1672 at r ∼ 9 arcsec). The mass-weighted values are much
flatter, indicating that the bulge regions are dominated in mass by
an old stellar population (10–15 Gyr), although the central discs
in NGC 1672 and 1433 show mass-weighted ages slightly younger
(∼6 Gyr). Very similar conclusions were reached by MacArthur
3 We have not explored the whole parameter space because we are limited
by the values measured in our sample and therefore we cannot provide with
a range of ages and metallicites where the models agree or disagree as done,
for example, in Koleva et al. (2008).
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Figure 8. Stellar flux fractions at different ages calculated at different scalelengths of the disc. The black lines indicate the results obtained when the V10
models are used, while in green we have plotted the results obtained with the B03 models.
et al. (2009) in their larger sample of galaxies, where also a large
variety of age and metallicity gradients were found while the mass-
weighted ages were always old.
Curiously, NGC 1365 shows a much lower metallicity in the
bulge region than other galaxies of our sample. NGC 1365 is an Sb
galaxy with a star formation history that can be reproduced with an
exponentially declining function with τ ∼ 6 Gyr at all radii within
the bulge region except in the nuclear ring (radius ∼ 7 arcsec) where
there is current star formation. The most puzzling aspect is that the
gas-phase metallicity of this galaxy is quite high in this region,
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Figure 9. Mass- and luminosity-weighted metallicity gradients derived from the recovered star formation history using V10 models. The vertical dashed
lines indicate the position of the effective radius of the bulge, while the dot–dashed lines show the disc scalelength, obtained from the references indicated in
Table 1.
Figure 10. Mass- and luminosity-weighted age gradients derived from the recovered star formation history. The meaning of the colours and symbols is the
same as in Fig. 9
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Figure 11. Comparison of the mass- and luminosity-weighted age and
metallicity for NGC 1433 when the means are performed using a logarithmic
scale (green line) and using a linear scale [i.e. log removed in equation (3),
black line].
∼12 + log(O/H) = 9.15 (Roy & Wash 1997; Pilyugin, Contini &
Vilchez 2004).
Furthermore, contrasting the low stellar metallicity values in the
bulge region, this galaxy has the largest metallicity of the sample
in the disc region (see the next section and Fig. 10). One possi-
bility is that the metal-poor stellar population in the centre formed
from low-metallicity gas that could have been both accreted and
driven from the external parts of the galaxy to the circumnuclear
region by the bar. Subsequently, the newly formed stars enriched
the interstellar medium to the levels we observe now. To reach the
level of enrichment that is observed, the star formation had to be
rather intense. It has been suggested that NGC 1365 has recently
(∼1 Gyr ago) experienced an interaction that made the disc unsta-
ble, resulting in the development of a bar (Za´nmar-Sa´nchez et al.
2008). Inverse metallicity gradients in the central parts of merger
remnants have been observed in other galaxies in the local Universe
(Kewley et al. 2010; Rupke, Kewley & Chien 2010).
5.3 Disc region
In general, the inner disc region of all the galaxies (as in the bulge
region) is dominated by an old population (see Fig. 10). The mass-
weighted age gradients in the disc region are always quite flat with a
mean age around 10–12 Gyr. The luminosity-weighted age gradient
is either flat or slightly negative (at 2 scalelengths, the age decrease
is 4 Gyr for NGC 1672 and ∼4.7 Gyr for NGC 1358) consistent
with an inside-out formation of the disc.
The mass- and luminosity-weighted metallicity gradients show
very similar slopes (see Fig. 9), suggesting very little evolution with
time in the gradients of our galaxies.
An aside needs to be made here: as we mention in Section 4,
the stellar population parameters have been calculated by fixing the
kinematics to the values obtained with GANDALF. We have noted that
when this is not done, a degeneracy between σ and metallicity ap-
pears, producing a systematic effect for which luminosity-weighted
values are lower than the mass-weighted ones (see Appendix B).
This is true using both STARLIGHT and STECKMAP. This effect is also
visible in some of the gradients shown by MacArthur et al. (2009).
We speculate that their mass-weighted metallicities can also be bi-
ased due to this degeneracy.
5.4 Comparison between the disc and the bar regions
Bars are very important structures that can influence the evolution of
disc galaxies enormously. However, little is known about their own
destiny. In particular, for our study, it is important to know whether
they can survive for a long time or they are easily destroyed. There is
still no consensus in the literature about this point (Shen & Sellwood
2004; Bournaud, Combes & Semelin 2005; Berentzen et al. 2007).
If bars are not long-lasting structures, the fact that a galaxy does not
have a bar now does not mean that it did not have it in the recent past.
In this case, the lack of differences in the stellar gradients would
not mean that the bar did not have an influence on producing radial
mixing.
Two of the galaxies of the sample presented here, NGC 1358
and 1433, were studied by Pe´rez et al. (2009). There, we presented
long-slit spectroscopy along the bar of the galaxies, finding three
different types of bars according to their age and metallicity distri-
bution as a function of the radius: (1) bars with young/intermediate
age and negative metallicity gradients. These bars are present in
galaxies with the lowest velocity dispersion in our sample; (2) bars
with zero metallicity gradient and younger stellar populations at the
end of the bars; and (3) bars with old stellar populations and pos-
itive metallicity gradients. This type was found predominantly in
those galaxies with a higher central velocity dispersion. NGC 1358
belongs to the third group, while NGC 1433 is part of the second.
One of the results from that study was that the majority of the bars
in our sample (biased towards morphologically classified early-
type spirals and S0s) were composed of old stellar populations.
Table 1. Sample of galaxies observed. Columns: (1) – galaxy name; (2) – PA: position angle
of the slit in degrees from the north through east; (3) – inclination in degrees [obtained from
different references – (i) Roy & Walsh (1997); (ii) Ryder et al. (1996); (iii) Dumas, Emsellem &
Ferruit (2007); and (iv) Baumgart & Peterson (1986)]; (4) – morphological type (from Hyperleda);
(5) – effective radius of the bulge; and (6) – scalelength of the disc. The references for the effective
radius and the scalelength of the disc are the following: (a) Dong & de Robertis (2006); (b)
Za´nmar-Sa´nchez et al. (2008); and (c) Baumgart & Peterson (1986).
Galaxy name PA i Morphological type re (kpc) rs (kpc)
(1) (2) (3) (4) (5) (6)
NGC 1358 180 38.8 (iii) SAB(R)0 1.17 (a) 5.5 (a)
NGC 1365 225 40.0 (i) (R’)SBb(s)b 0.96 (c) 6.5 (b)
NGC 1433 210 33.0 (ii) (R)SB(rs)ab 0.26 (c) 1.8 (c)
NGC 1672 140 36.0 (iv) (R’)SB(r)bc 0.40 (c) 1.6 (c)
C© 2011 The Authors, MNRAS 415, 709–731
Monthly Notices of the Royal Astronomical Society C© 2011 RASDownloaded from https://academic.oup.com/mnras/article-abstract/415/1/709/989809
by University of Groningen user
on 17 April 2018
720 P. Sa´nchez-Bla´zquez et al.
Figure 12. Luminosity-weighted ages and metallicities as a function of the radius measured along the bar (green line) and along the major-axis of the disc
(red line).
However, the fact that the bars have old ages does not mean, neces-
sarily, that the structure is old, as the bar might have been formed,
recently, out of old stars in the disc. One way to disentangle these
two options is by comparing the stellar population of the disc with
that of the bar. In Pe´rez et al. (2009), we performed the analysis by
comparing line-strength indices with SSP models. There, we used
the data to perform an analysis similar to the one presented here
and ran STECKMAP on the spectra as a function of the bar radius.
Fig. 12 shows the comparison of the luminosity-weighted age and
metallicity along the disc and the bar. As can be seen in the two
studied galaxies, the stars in the bar are older and more metal rich
than those of the disc. Furthermore, the gradient in both parameters
is much flatter in the bar. In general, the stellar content of the bar
is more similar to that of the bulge than to that of the disc. This
confirms that, at least for some galaxies, the bars are, in fact, long-
lasting structures. The two galaxies for which we have been able to
perform the comparison are very early types. It will be interesting
to perform this comparison for more late-type spirals, as there may
be a correlation between the age of the bars and the morphological
type of the galaxy (e.g. Gadotti 2008).
6 LI N E-STREN GTH INDICES AND SINGLE
STELLA R POP U LATIONS
Most of the studies of unresolved stellar populations have not de-
rived whole star formation histories, but SSP-equivalent ages and
metallicities using combinations of line-strength indices, most com-
monly Lick/IDS indices (Trager et al. 2000a; Sa´nchez-Bla´zquez
et al. 2006b; Ganda et al. 2007). This approach has the advantage
that it allows one to derive not only average ages and metallicities,
but also an estimation of the relative chemical abundance ratios, as
the sensitivity of individual Lick indices to the abundance of differ-
ent chemical species is different and has been calibrated by differ-
ent authors (Tripicco & Bell 1995; Houdashelt, Trager & Worthey
2005; Korn, Maraston & Thomas 2005). New models that predict
the whole spectra for populations with different chemical composi-
tions are being built now (e.g. Coelho et al. 2007; Lee et al. 2009)
and, in the future, it will be possible to derive this information also
from full spectral fitting. The index analysis has the disadvantage
that a higher S/N is needed and, also, that if the sensitivity of the
indices to changes in the chemical abundances of different elements
is not properly calibrated, the results might be biased depending on
the indicator used to perform the analysis (more than with the full
spectral fitting). Furthermore, the comparison of indices with SSP
models can only give us SSP-equivalent parameters and those are
degenerate to different star formation histories. In this section, we
derive SSP-equivalent ages, metallicities and α/Fe ratios by compar-
ing Lick/IDS indices to the new models of V10 in order to compare
these values with the luminosity- and mass-weighted values derived
in Section 5.1.
The canonical models of V10 were built using an empirical stel-
lar library (MILES, Sa´nchez-Bla´zquez et al. 2006c) with chemical
abundance ratios matching those of the solar neighbourhood and
with isochrones assuming a solar partition for the different ele-
ments. Because we want to derive not only global metallicities, but
also chemical abundance ratios, we modified the predictions for
individual indices for different patterns of chemical abundances.
Following the approach of several previous authors (e.g. Tantalo,
Chiosi & Bressan 1998; Trager et al. 2000a; Thomas, Maraston &
Bender 2003; Sa´nchez-Bla´zquez et al. 2009b ), we did not change
the different elements individually but assumed that some of them
are linked nucleosynthetically and therefore vary in lock-step. We
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group the different elements in enhanced (hereinafter E), including
N, Ne, Na, Mg, C, Si and S (i.e. most α-elements released in Type
II supernovae plus N and C); depressed, including Ca and Fe, and
unchanged (the rest), in such a way that the global metallicity of the
models remains unchanged. We developed models with enhance-
ments from [E/Fe] = −0.1 to 0.5 in steps of 0.05. In all cases, C is
enhanced only half the amount of the other enhanced elements. The
reason for this is that enhancements of the order of ∼0.3 dex bring
the C/O ratio very close to the values at which a C star is formed (see
Houdashelt et al. 2002; Korn et al. 2005). The response functions by
Korn et al. (2005) are calculated for variations in the abundances of
different elements of 0.3 dex. The responses for different enhance-
ments different from 0.3 dex were obtained using the procedures
described in Sa´nchez-Bla´zquez et al. (2009b) (originally described
by Trager et al. 2000).
We derived SSP-equivalent parameters, age, [Fe/H] and α/Fe-
abundance ratios for all the galaxies of the sample using the
χ 2-minimization technique detailed in Proctor & Sansom (2002),
Proctor, Forbes & Beasley (2004a) and Proctor et al. (2004b). The
technique involves the comparison of as many indices as possible
to simple stellar population models. We find that it is extremely
difficult to fit simultaneously all the indices with a SSP, most likely
because the star formation histories of our sample cannot be ap-
proximated by an SSP. After several tests, we decided to avoid the
bluest region of the spectra (the Hδ indices and the CN) because
they deviated the most in all the fitted spectra. These indices are
more sensitive to the presence of young populations than the rest
of the Lick indices and therefore by removing them from the fit
we are biasing our equivalent ages towards older values. Contrary
to what was done in Proctor et al. (2004a,b), we did use the same
indices to fit all the spectra. This is because different indices are
sensitive to different populations and different chemical species,
so if the galaxies do not share the same chemical abundance pat-
terns as the models we are using, the results can be biased by using
different sets of indices at different radii. Furthermore, the use of
different indicators to obtain SSP-equivalent parameters will give
different results in case the star formation history is not a single
burst (Sa´nchez-Bla´zquez et al. 2006b; Schiavon 2007). For these
reasons, all the indices that in some of the galaxies of our sample
fell in the gaps of the detectors were eliminated from the fit. In total,
we use 10 Lick/IDS indices (i.e. all the Lick/IDS indices that our
spectral range allowed us to measure, excluding those that fell in
the gaps of the detector).
Residuals from the best-fitting (observed value minus best-fitting
value expressed in terms of the index errors) indices for all the
galaxies are summarized in Fig. 13. The points represent the average
deviation from the best-fitting values, while the error bars show the
rms for all the points as a function of the radius. As can be seen,
for the set of the indices that we have used, the mean differences
between the fitted and the measured indices are very small. This
indicates that despite the fact that the stellar populations of disc
galaxies cannot be reproduced by a single burst, most of the Lick
indices are sensitive to the same stellar populations, once the bluest
indices are excluded.
Fig. 14 shows the derived age, [Z/H] and [E/Fe] profiles for our
sample of galaxies. The shape of the profiles is more similar to
the luminosity-weighted values than to the mass-weighted values
derived in Section 4, as expected. However, the SSP-equivalent ages
are, in general, younger. This is in agreement with the results of
Serra & Trager (2007) who compared the SSP-equivalent ages and
metallicities with the V-band luminosity-weighted ones (not exactly
the same as the one derive here) using artificial star formation
histories of two instantaneous bursts. Fig. 14 also shows the mean
linear-weighted values compared with the log-weighted values. It
can be seen that the log-weighted values are more similar to the
SSP values, with a trend for the linear-weighted ages to be larger,
as expected.
Fig. 15 shows a 1:1 comparison between the SSP-equivalent ages
and metallicities, and the luminosity- and mass-weighted values for
the different galaxies. As can be seen, luminosity-weighted val-
ues and SSP-equivalent values tend to agree for old ages and high
metallicities. As the ages get lower, SSP-equivalent values are sys-
tematically smaller than the luminosity-weighted and the same trend
is observed for metallicities. Mass-weighted ages, on the contrary,
are always higher than the SSP-equivalent ones and much more con-
stant, reflecting what we have mentioned before that the galaxies
are dominated in mass by an old stellar population, independently
of the radius. The mass-weighted metallicity, however, follows a
similar trend to that of the luminosity-weighted one and, in the
same way, agrees with the SSP-equivalent one for high-metallicity
values.
Several authors have analysed stellar populations of bulges us-
ing line-strength indices and derived SSP-equivalent stellar popula-
tion parameters (e.g. Jablonka, Gorgas & Goudfrooij 2007; Trager,
Dalcanton & Weiner 1999; Falco´n-Barroso, Peletier & Balcells
2002; Proctor & Sansom 2002; Morelli et al. 2008; Moorthy &
Holztman 2006; Thomas & Davies 2006; Peletier et al. 2007). Some
of them have presented gradients as a function of the radius. In gen-
eral, it is found that bulges of galaxies have negative metallicity
gradients (∼ −0.2 dex), positive age gradients (younger in the cen-
tre) of ∼3–5 Gyr per decade of the variation in the radius, and null
or slightly positive [E/Fe] gradients (Morelli et al. 2008; Jablonka
et al. 2007). Moorthy & Holtzman (2006) found that if positive age
gradients (central regions being younger) were found, they would
be invariably in barred galaxies, although barred galaxies could also
show negative gradients. Jablonka et al. (2007), however, found that
for most galaxies of their sample, the age gradient was positive –
albeit always very small and, in many cases, compatible with being
null – independently of them being barred or non-barred. In fact,
Jablonka et al. (2007) did not find any difference between the stellar
populations (SSP-equivalent parameters) of barred and non-barred
galaxies. The differences between the Jablonka et al. and Moor-
thy et al. studies can be due to the fact that Jablonka et al. (2007)
observed edge-on galaxies and therefore avoided the contribution
of disc-like components, such as bars, rings or nuclear discs. The
results of Morelli et al. (2008) are consistent with Jablonka et al.
(2007), despite the fact that their galaxies are face-on. However,
their sample is composed of non-barred (or very weakly barred)
galaxies and this limits the number of subcomponents, such as
rings and nuclear discs, present in the sample.4 Furthermore, the
sample is biased towards early-type systems.
We also found a variety of age gradients depending on the galaxy,
ranging from flat (NGC 1365) to positive (NGC 1672) to negative
(NGC 1433) and an equivalent behaviour in the metallicity gra-
dient. We found that the variety of gradients in our galaxies is
due to the contrast produced by the presence of different compo-
nents, such as rings and nuclear discs. As mentioned in Section 5.1,
NGC 1365 presents a much lower metallicity in the bulge region
than the rest of our galaxies (and the opposite is true for the disc
region).
4 Although nuclear rings have been detected in non-barred galaxies as well,
see Knapen (2010).
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Figure 13. Average deviation in units of error (i.e. χ ) of the measured indices from the indices corresponding to the best fitting. Error bars represent the scatter
in the deviation.
We also find, in the bulge regions, a variety of [E/Fe] gradients,
ranging from flat (NGC 1358) to positive (NGC 1433) to negative
(NGC 1672 and 1365), although the values at the very centre are
always compatible with being zero. In particular, the decreasing
[E/Fe] profile in NGC 1672 is due to the contrast between the bulge
region and the inner disc region, where the stellar populations show
a minimum in metallicity and [E/Fe]. The contrast between these
two regions is also responsible for the positive age gradient and for
the very steep metallicity gradient in the bulge region, where the star
formation is proceeding from low-metallicity gas. The higher values
of [E/Fe] and metallicity in the central region may be indicating that
the star formation was more intense in the central region than in the
circumnuclear ring (r). The negative age gradient in NGC 1365 and
1433 is also due to the contrast between the age in the bulge and that
of the nuclear ring (r ∼ 19 arcsec for NGC 1433 and r ∼ 7 arcsec
in NGC 1365).
7 C O N C L U S I O N S A N D D I S C U S S I O N
We are carrying out a project to understand the star formation his-
tory of disc galaxies and, in particular, the influence of the bar on
producing large-scale mixing in the stellar disc. In this paper, we
have tested the techniques we are planning to use to derive star for-
mation histories and the chemical evolution of disc galaxies using
high-quality, long-slit spectroscopy, for a sample of disc galaxies
covering a range in the mass and morphological type, with and
without bars.
(i) To quantify the behaviour of the stellar population parame-
ters, we have derived the average values of the age and metallicity,
weighting with the mass or the light of the stars. We discuss sepa-
rately the results in the bulge and the disc regions:
Bulge region. In the bulge region, we have found that the age gradi-
ent depends on the presence of substructures such as circumnuclear
discs or rings. This is in agreement with the results of Peletier et al.
(2007), who found, using two-dimensional line-strength maps, that
the young stars are found either in rings or everywhere in the central
regions. They also found that the presence of young stars is always
associated with the presence of dust. This result is confirmed by
studies of the morphology of star formation regions using Hα emis-
sion that find Hα in circumnuclear regions, such as inner rings,
and that relate the presence of these structures with the dynamics
of the host galaxy and its stellar bar (Knapen 2005; Knapen et al.
2006). We believe, in agreement with Peletier et al. (2007), that
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Figure 14. SSP-equivalent age, metallicity and [E/Fe], as a function of the radius for the galaxies of the sample.
the contradictory results obtained by different authors in relation to
the age of the bulges are due to differences in the sample selection
(barred or non-barred) and inclination. For example, Jablonka et al.
(2007) did not find any difference in the star formation history of
barred and non-barred galaxies because their sample was edge-on
and therefore they were not sensitive to the presence of nuclear
discs or rings. Morelli et al. (2006) found very weak age gradients
because their sample was selected to be non-barred. On the con-
trary, Moorthy & Holtzman (2006) found different age gradients
in barred and non-barred galaxies. In particular, they found that
when positive gradients exist in their sample, they were invariably
in barred galaxies.
The mass-weighted age in the bulge region is consistent with the
disc and takes values of ∼10 Gyr, except in the very central regions
of NGC 1672 and 1433. The bulge, as the disc, is dominated by
old stellar populations. Similar results were obtained by MacArthur
et al. (2009).
Inner disc region.
(ii) The luminosity-weighted age gradient of the inner disc is
always flat or slightly negative, compatible with a moderate inside-
out formation. This result agrees with that obtained by MacArthur
et al. (2009) for their sample of face-on galaxies or by Mun˜oz-
Mateos et al. (2007) for a sample of nearby disc galaxies using a
combination of UV and infrared colours. However, we only reach
radii beyond corotation for half of the sample and, inside these
radii, the stellar distribution and stellar population gradients might
be significantly influenced by the bar potential. The moderate age
gradient can be explained either by the disc not having grown very
much in the last ∼8 Gyr or if there has been radial mixing causing
a migration of old stars to the external parts.
All the discs of our sample are dominated, in mass, by an old
stellar population (∼10 Gyr) and [M/H] ∼ −0.2 dex. This is
true even at 3 scalelengths for some of our galaxies. This result
agrees with studies of the resolved stellar population in nearby disc
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Figure 15. Comparison of the SSP-equivalent parameters and the luminosity- and mass-weighted values for the four galaxies of this study.
galaxies like M81 (Williams et al. 2009a) or NGC 300 (Gogarten
et al. 2010) where they found that, at 1.5–2 scalelengths, ∼70 per
cent of the stars formed 8 Gyr ago. However, in M33, a similar disc
in morphology and mass seems to contain a much larger fraction of
young stars at those distances (Williams et al. 2009b). As Gogarten
et al. (2010) suggest, these differences may be due to the environ-
ment, as M33 is interacting with M31 (Braun & Thilker 2004; Bekki
2008). In contrast, NGC 300 and M81 are fairly isolated systems.
(iii) Regarding the metallicity, we have found that the luminosity-
weighted and mass-weighted metallicity gradients are very sim-
ilar and always flat or slightly negative (NGC 1433) in the
disc region. The mean metallicity in the disc is rather large,
−0.3 < [M/H] < −0.2 dex. Together with the results of the item
above, this indicates that most stars at ∼2 scalelengths formed at z >
1 and experienced a rapid metal enrichment. These results coincide
with those obtained using resolved stellar populations in nearby
discs – e.g. in M81 (Williams et al. 2009a) and M31 (Brown et al.
2006).
(iv) For two of the galaxies, NGC 1358 and 1433, we have been
able to compare the metallicity and age gradient along the disc with
that along the bar, observed previously by Pe´rez et al. (2009). We
have found that, in comparison with the stellar population in the disc,
bars show older ages, higher metallicities, high [E/Fe] abundances
and flatter gradients in both parameters. This finding argues against
a recent formation of the bar from disc stars. As the stars in the
bar are old, this results in a clear indication that, at least in some
galaxies – the two galaxies analysed here are both early types –
this structure is old, giving a definitive answer to a long-standing
controversy regarding the survivability of bars. This was already
suggested in Pe´rez et al. (2009) and Gadotti & de Souza (2006).
(v) We have found that the degeneracy between metallicity and
σ in methods where the kinematics are determined at the same
time as the stellar population parameters can seriously bias the
final results. In particular, the mass-weighted metallicity tends to
be higher than what it should be. This is true, not only when using
our code, but also when using other methods, such as STARLIGHT.
Therefore, we recommend calculating the kinematics separately by
other methods and then fitting for the stellar population parameters.
We also find that the age–metallicity degeneracy is highly reduced
when STECKMAP is used to derive these parameters as opposed to the
most classical index–index or multi-index approaches.
(vi) Despite the strong degeneracy between the age and metallic-
ity when these parameters are derived using line-strength indices,
the gradients are not very different from the luminosity-weighted
values obtained with STECKMAP.
Previous studies using broad-band colours (e.g. Bell & de Jong
2000) concluded that colour gradients were predominantly due to
a gradient in metallicity. MacArthur et al. (2004), however, found
a gradient both in age and in metallicity, and found that galaxies
with stronger metallicity gradients are those showing flatter age
gradients and vice versa, showing the difficulty in breaking the age–
metallicity–dust degeneracy using only broad-band colours. These
different results do not invalidate a specific technique, but show the
importance of interpreting correctly the results depending on the
method used to obtain stellar population parameters. In a following
paper, we will apply the techniques presented in this paper to study
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the differences in the star formation history of barred and non-barred
galaxies.
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APPENDI X A : C OMPA RI SON BETWEEN
MI LES AND BC0 3 STELLAR POPULATI ON
M O D E L S
Fig. A1 shows the difference between the luminosity- and mass-
weighted ages and metallicities obtained with two different stellar
population models, MILES (V10) and BC03, as a function of the
radius. It can be seen that, despite for some radial bins, the differ-
ences can be very large – in general, they scatter around zero – and
the gradients of the differences are compatible with being null. The
largest differences are obtained for populations with ages younger
than ∼3 Gyr (i.e. the bulge region of NGC 1433 and the ring region
in NGC 1672). This is, in principle, in agreement with the results of
Koleva et al. (2008) although we cannot explore the parameter space
in a systematic way as it was done in that work. However, we do
not find large differences for populations with subsolar metallicity,
like that in NGC 1365.
APPENDI X B: D EGENERAC Y BETWEEN
σ AND META LLI CI TY
It has been known for a long time that the determined veloc-
ity dispersion of a galaxy spectrum depends on the spectral type
and metallicity of the stellar template (i.e. Laird & Levison 1985;
Bender 1990; Koleva et al. 2007). A deeper absorption feature can
be obtained by either increasing the metallicity or decreasing the
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Figure A1. Differences between the luminosity-weighted (red) and mass-weighted (black) mean age and metallicity obtained with the MILES and the BC03
stellar population models as a function of the radius.
broadening. This leads to degeneracies when trying to derive both
parameters at the same time. Koleva et al. (2007) quantify this
degeneracy as
δ(σ )/σ ∼ 0.4 × δ([Fe/H]) (B1)
with σ in km s−1 and [Fe/H] in dex – a 0.1 dex mismatch in metal-
licity results in a 4 per cent error in the velocity dispersion.
In order to quantify the differences in the obtained parameters
with and without fixing the kinematics, we have performed the
calculations using both methods. Fig. B1 shows the results of the
mass- and luminosity-weighted mean metallicity profiles when the
kinematics are not fixed, derived using STECKMAP. As can be seen, in
all cases, the luminosity-weighted values are lower than the mass-
weighted ones. This is very puzzling, in principle, because it is
contrary to what is expected in a normal chemical evolution sce-
nario.
To check if this behaviour is a systematic error or an artefact of
the method we are using, we have repeated the experiment using the
code STARLIGHT (Cid Fernandes et al. 2005) for one of our galaxies,
NGC 1672. Although STARLIGHT uses the continuum shape of the
spectrum to perform the analysis, we have removed it from both the
templates and the galaxies, using spline fits to avoid the uncertainties
due to dust extinction. Fig. B2 shows the results. As can be seen,
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Figure B1. Mass- and luminosity-weighted metallicity gradients derived from the recovered star formation history, when the kinematics are not fixed.
Figure B2. Mass- (black line) and luminosity-weighted (red line) age and
[Z/H] gradients derived from the recovered star formation history using
STARLIGHT.
although the absolute values in some regions differ depending on the
code that we use, the general shapes of the gradients are very similar,
independent of the method used to derive star formation histories.
The way STARLIGHT and STECKMAP find the optimal solution is quite
different and the similarity of the results lends support to our final
conclusions. As can be seen in the figure, STARLIGHT also gives lower
luminosity-weighted than mass-weighted metallicities, contrary to
what would be expected in a normal chemical evolution scenario.
To understand this effect better, we compare, in Fig. B3, the mean
stellar population parameters obtained by fixing and without fixing
the kinematics when running STECKMAP. As can be seen, while the
mean ages are very similar, the metallicities obtained in both cases
show clear differences. The effect is larger for luminosity-weighted
values than for the mass-weighted ones. The net result is that the
luminosity-weighted metallicities appear to be lower than the mass-
weighted ones.
The question then arises, how do we know which value is cor-
rect? We have previously mentioned that a scenario where the stel-
lar metallicity decreases with time is, in principle, contrary to what
would be expected for a standard chemical evolution scenario. How-
ever, this by itself is not an argument to discard the result. For exam-
ple, it has been claimed that in our own Milky Way there has been
chemical dilution (see e.g. Tsujimoto, Bland-Hawthorn & Freeman
2010). These authors present a compilation of metallicities mea-
sured in Cepheids (aged about 10 Myr) and open clusters older than
1 Gyr, finding that the metallicity of the latter is higher than that
of the Cepheids in the inner disc (up to more than 4 scalelengths),
although the trend seems to reverse at larger distances. They are
able to reproduce this evolution in metallicity with a model where
the inner disc stars form from a metal-enriched wind originating
from the bulge. This wind is metal rich due to early efficient star
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formation. Later, the accretion of low-metallicity gas from the halo
dilutes the metals of the disc, producing a decreasing metallicity
with time.
To explore the systematics associated when the kinematics are
fixed, as opposed to when it is not, under different evolutionary
scenarios, we have performed a series of simulations. For these
simulations, we have used an exponentially declining star formation
history, exp(−t/τ ), with different values of τ . The SSP models were
truncated at ages 0.3–17 Gyr and the metallicities were chosen so
as to remain in the [Z/H] > −1 regime to ensure that we work in
a parameter space where the models are most reliable and also to
ensure that we bracket the parameter space covered by the galaxies
we analyse. We have tested three different chemical-enrichment
scenarios. In the following equations, t can be regarded as the age
of the corresponding stellar component or the look-back times in
Gyr.
(i) Standard chemical enrichment.
[Z/H] = +0.2 − 0.51[log(t) + 0.5]. (B2)
In this model, the youngest stars have [Z/H] = +0.2 and the oldest
stars have [Z/H] = −0.7.
(ii) No chemical evolution. [Z/H] = 0 (i.e. solar metallicity) for
all the generations of stars.
(iii) Reverse chemical evolution or chemical dilution.
[Z/H] = −0.7 + 0.51[log(t) + 0.5] . (B3)
In this model, the youngest stars have [Z/H] = −0.7, while the
oldest stars have [Z/H] = +0.2.
We have used, for this experiment, the models by V10, broadened
to 200 km s−1. In order to mimic the data, we have added noise to
the spectra to reach a S/N per Å of 50. Fig. B4 shows the difference
between the luminosity- and mass-weighted metallicities as a func-
tion of τ for the three chemical evolution scenarios in both cases,
when the kinematics are fixed and when they are not. The thick grey
lines show the model for the three different scenarios and the sym-
bols are the values as computed from the STECKMAP inversions of the
mock spectra. The error bars in the figure are computed as the rms
dispersion of the values obtained in 50 Monte Carlo simulations in
which each pixel of the synthetic spectrum was modified randomly
following a Gaussian distribution with a width given by the noise
spectrum.
As can be seen, when the kinematics are fixed, the differences be-
tween the luminosity- and the mass-weighted metallicities are much
better reproduced than when the velocity dispersion is calculated
at the same time as that of the stellar population parameters. As
the effect is stronger for young ages and at larger metallicities, the
‘standard chemical evolution’ scenario where the younger popula-
tions are more metal rich is the one that is more affected. This is the
reason why we tend to get lower luminosity-weighted metallicities
than mass-weighted metallicities when σ is not fixed.
B1 Testing the velocity dispersion
There was a concern, raised by the referee, that the kinematics
we are measuring could be biased as we have used the same SSP
models as those used in STECKMAP, suggesting than the template
mixing process behind the PPXF kinematics fit may well suffer
from the same degeneracy that we are trying to avoid. To deal with
this possibility, we have performed two different tests:
Figure B3. Comparison of the stellar parameters obtained when σ is fixed and calculated using STECKMAP.
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Figure B4. Differences between the mass- and luminosity-weighted metallicities for exponentially declining star formation histories with various time-scales
τ (x-axis) generated as explained in Section 5.3 for three different chemical evolution scenarios. The thick grey lines are the values obtained from the models
and the symbols show the values recovered by STECKMAP by fixing the kinematics (left-hand panel) and without fixing it (right-hand panel). The error bars are
obtained via Monte Carlo simulations.
Figure B5. Comparison of the velocity dispersions using the SSP models
by V10 as templates and using a subset of 250 stars from the MILES
library.
(i) We have recalculated the kinematics using a subset of the
MILES stellar library, instead of the stellar population models.
We have selected 250 stars covering a wide range in the atmo-
spheric parameters and run PPXF using these as templates. The
results can be seen in Fig. B5. The offset between the velocity
dispersions measured with the models and those measured with
the stars is −0.36 km s−1 with an rms dispersion of 12.6 km s−1,
that is, there is no significant difference between the two
values.
(ii) We have studied the impact that the errors in the measured σ
have on the STECKMAP results. To do this, we have run STECKMAP by
fixing the kinematics to the values of σ + eσ and σ − eσ for one
Figure B6. Mass- (left-hand panels) and luminosity-weighted (right-hand
panels) ages and metallicities for the galaxy NGC1672 by fixing the kine-
matics to the observed values (solid black line) and by fixing the kinematics
to σ + error in σ (red dashed line) and σ − error in σ (green dashed line).
of the galaxies, NGC 1672, where eσ represents 1.5 of the formal
errors. The results are displayed in Fig. B6. In the figure, we show
the mean stellar population parameters obtained in each case. It can
be seen that the errors in the derived σ do not affect significantly
the results of this work.
B2 Dependence of the results on the initial guess and best
initial parameters
All iterative optimization methods require a starting point, which is
usually referred to as the ‘initial guess’. Ideally, the method is insen-
sitive to the choice of this guess, which is rather arbitrary. We have
used for our real data an initial guess consisting of flat distributions
for all fields. The reason for this choice is that it always converges
to a good solution (in the χ 2 and regularization sense), which is not
true with all the first guesses. However, a bad choice for an initial
C© 2011 The Authors, MNRAS 415, 709–731
Monthly Notices of the Royal Astronomical Society C© 2011 RASDownloaded from https://academic.oup.com/mnras/article-abstract/415/1/709/989809
by University of Groningen user
on 17 April 2018
Stellar populations in galactic discs 731
Figure B7. Luminosity- and mass-weighted metallicity versus age for different Monte Carlo realizations, each with a different initial guess for STECKMAP. The
initial guesses that we have used here consist of random bursts of star formation with random age and metallicity. The empty star shows the location of the
solution found with the flat initial guess. This experiment was performed for galaxy NGC 1672 at the position R = 10.2 arcsec.
guess can lead to bad fits or to secondary minima. To be sure that
we reach a global minimum and not a secondary minimum, we have
run STECKMAP over several spectra using a family of initial guesses.
Here we show the experiments with first guesses consisting of ran-
dom bursts happening at random times and with random widths.
The AMR of the model is flat with a random metallicity within
the range of the models and the broadening function is a Gaussian
centred at zero. We have performed 500 simulations. Fig. B7 shows
the mean age–metallicity plane using the two weights, luminos-
ity and mass, for different realizations. We have colour-coded the
symbols depending on the χ 2 of the fit. The χ 2 of the fit is also
inversely proportional to the size of the symbol. We show as well,
for comparison, the position of the value calculated with an initial
guess of a flat distribution. We have performed the experiment for
the two cases of fixing and not fixing the kinematics. As can be
seen, the results may depend considerably on the choice of fitting
or not fitting the broadening function. In the first case, we usually
obtain two local minima, although one of them is clearer than the
other. Furthermore, this minimum always coincides with the val-
ues that we obtain using a flat distribution as the initial guess. In
the case where we try to calculate the kinematics, there is a clear
age–metallicity degeneracy, especially for the luminosity-weighted
values.
These tests validate the flat initial guess as a good choice and
therefore this approach was adopted for this work. It allows users
to analyse real data without having to experiment with a family of
initial guesses, to find the best minimum of χ 2.
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